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Af’tcl nlarly studies and cx]mlilmntfil  II ICaSUICIIK-IItS of [IIc.

delays t} IIouf,lI (IIC Cmse~,lfiiIl  alltcllIla ]mlh, the caIIsc  of (he

(lisclcjml]cics  was fil]al]y pitl]milltcd  10 effects of ]]]l]lti]]atll  sif, ilals

C)II a ])al liculal  IIletll(d krlowll as tile zclo delay dc.vice. (7,1)1))

IIlctli(d.  ‘Il]c. Y])]> llwtllcd illvolvcd  ]llacill~,  a ]]l~~tw (tlorll) oII (lx

Illair]  1(’flcclol. 1[ was tlot I)lcviollsly  krlowtl tll:it,  W’IICII wc; ik

Illt]lti]mtll  sif, tlals Icflect floll}  o[tlm ofl”-]mttl all{crltla  st[uctulcs ard

tllcll  lctum  to coll]bitw witt] tlm ~)lilll:tty  j)attl sif)nal, sul~uisirlg]y

lal :,C Cliuls in tlm ttvmsulctlwtll  of ~al]p,c  (til}w delay) can occur.

‘l”lIc C.IIO)S call tw. ]wsitivc 01 r)c.~,ativ~.  de]wrditlg or]  tllc.  }Jhrtsc o f

tl]c l]lulti~mth  signal  wlm it colilbincd  with the. plinmy  sip,[lal.

‘1’tle. ellols can t~c. Suc]l as to muse tllc lIwastllcd  tililc.  delay to bc

slIoJ tcl tha]l the. gC.O1llC.tliC  optics (ftc.c.-s]mcc.)  delay, t}krcby

iln]]lyirl:, that the. signal is trawling fastc.]  than the. speed of light.

Aftcl cxtellsive ~x]mitl}c.[ltal  W(M k 011 SC.VCU al ~y~ws of (lISSCg]  air]

alltcllrlas,  I)ltlltipath sig, rlnls Wcr-c conclusively fourd  to be. tllc.

Ill:ljol  C:ill  SL’ Of t]lC II IC:\SUICIllCIlt  CIIL)lS. “I”tirou:,h  ttlc  use of a

I:MI(l)V tillw-dc)lnairi twllrliquc, ttlc. locations a[lci I[la.gnitudcs of

lllulti]mtli soulws V,wc positively idclltifd  [S181, lrl adclitiml, the

l; IVV(!W tcchrlique  c.llablcd  tlllllti~lattl  sif,tiats  to I)c f,aled oilt so tllfit

only tllc p]ilmly si:, [lal delay was !IW.aSUldt

1 ‘u] thcr ex~wr-imcntal  and them ctica] w’ol k showtxi  that

evcr~ (11011/,11  ttlc I:”lllllilmtll  e. ffccls are latg,c fol a ]lll)lw 011 ttlc

sutfacc.  of the. Ilmin lc.flcctc)l-,  in ttlc. far f’Icld t}le l~llllti~):itli  sig,ljals

colllbirle  if] t-ardom ]Illasc  ald te.Jd to Catlcrl cacll oltlc] out.

lx]lulillwllts  wittl a s~mwtdft  Corlflllllcd that, irl tl)c far flclcl, ~,, &“{/.  >6 , ” , , .. Ci-d*$.&
antclllla  multi path si:tlalsi’o[)ly caused about  3 [is of rd[l:u eJIol at

S-l):tll(l  [S5j, itllcit}lcc  11c)ls\\c1c.  1 IISO1 sIIIallvI  at X- bard[S15j.

It was SIIOWII by (Uha ct al. [S1 1 ] tl)a[, irl ttle  a[xetlcc. of lllllltilmtll,

tile  titnc dclayof a (W si:,llal plc)pa:,atit-l:,  ttll~)ug,ll tlw (hssep,lain

arltctltla ]Ja III is cqu:il to the :Icotllct!ic o])tic  ]I:ltll  lc[),gtll ciividecl  by



[Ilc velocity of light. l;O1 d fOCllSCd  CIa\\c~,liiill  :\lltL’1111:1, IIIC ]l;ltll~

lIave.  [lie SaIIIC lcm~~,ths for all lays Iddiatillfi  !IUIII tlIe  pt)ase.  ccIItcr

[Jf tlic  tIiiIiSIllit  110111  [O :111 :l])L’l[lll-C  ])l{{llC ill tllC fil[ fic’ld.

(kJ1lcLlllellt  s[mlies alsc) Icvealcd that discrc’Imtlcicx  ill

tllc.;isillclllcllts c~f tinw deltiys  call also cmctt]  wilt’u ran:ill:  t}lloup,h

a p, Iou IId station syslc.  n~ lwlow t}w a[llrnlla  fcdtlorn.  Wavef,uides,

filtcls,  aIId cable.s ill the statiml’s ul)lillk  and dc)wl)lillk  paths arc.

c~flcn Illisttmtclld  :111(1,  tj]c.rc.fore., set 111) ltlulti~)]c  IC’flcc(io[ls.

Stlldics  Sllowc(i that til]]e clclay  Illcastll-clllcnt cIIo]s, sitllilal  to

t}losr mlsc(l I“)y multipat}l  sigmls,  call  a l s o  bc ]lIOdllCd  hy

IIlulti])le.  Icflcwtions illsidc  t[atlsmissiol]  Iitlc.s.  It lIas been s} IcwII

fIoIIl both Illcoretical  and exlmimcmlal data that tllc crJols call  bc

citlwI ~Jcmitive  cl! [legativc.  [S3].

GIOLI})  delay stadads  [S6] WC.IC.  developed for the lIuIjIcm

of coIIll)aril]g  ttlc accuracies of cliffe.t e.llt tit l“W-dc.l:ty  nletisure.nwllt

IIwt?locls,  illcludil)g  the. (1) nlcdlllntioll  pulse dcl~y tile.asulclllcnt

Itlctlmc{ wit]i an 111’ 836(1A col~~~)iltill~,  ccmnte],  (2) ])L]Isc technique

with a Rantec time clelay incticatcw,  (3) tilllc cicmain  tdniquc.  with

a Scientific Atlanta fi~ult lcmtor,  (4) phtisc-slc)pc  tmthcd  with the

1 If’ 8542A  automatic Ilctwcmk analyzer, (S) mngc cmdc  nicdLtlation

tdlllique.  usin~.  the J]’] , nlu-x-a!l~ing llmchiIle,  ard (6) ])ulse. RI;

tml st tcc.llnique,  dc.veloped  by tlm forlml  National IIureau c>f

Sta[lda;  cis. Mcxst  of the nxults of the.se cwmpariscm studies ale

prescIltecl ill [S6].

Methods requiri[):,  pulses wittl fast 1 isc tilllt’s scclllcd to be

especially pIme tc) mols (c)r clism.”panties) when mcasumtmilts

W’CIC. II Iadd 011 paths that had IIIOIC tl~ah 6 d}] of loss or w}len the

]J[lttlS  WCIC.  dis])c’]  Sive. ‘lllc.  wsults were so[lmtilllt’s  dcjmIldcilt  OII

what lmrt (5(1 cw 90 pclccnt) of (Ite. Iisc ti[ne was usecl  aIId also  011

w h a t  detcwc)]s  w’eId used,

SOIIIC tcchtliques inhclctltly  have ttle advantage of king

lIIOIC {lCCLllil[C.  tllall Otllcls bccallsc  of tllc. it tlatldwidlll  (sotlle.ti[)ms



called alJcllLlrc).  WIM t}m bandwicith  is sl[iall, SLIUII as ill ttw case.

ofttlc  JI’1 . l:tll~),irl:,  systet[i (I)arldwicltll  is atmLjt 1 h411z.), ttlc  CIILJIS

due .  It) Illllltil}lc.  rcflecti(ms  or nltll[ipath  can bc wry large.. W]lcn

t}lC  t)alldWidt]l  (:ljXI (lII”C) iS S[ll:il], thC lall~,C  cnVc](JJic’  dC]ily

IImsutcIIlcl]t  col IIc.s close to bc.ills  the sal[m as a group dclfiy

Itlcasllt  ctnelit,

‘1’hcsc  discovc.rics  lcd 10 tlm cvcnlLlal  dcvclo~)lllc[lt  of n Iww

“translator C:ilib] ation tccllllicllle’’ttl):it  l]:is been anti is still tmiTl~
.

Llscd to calibl-a(c  gmLIIid station delays as ~mr[ of the pmccss of
. .

dctcrli~inin~  the ranp)c to a slmccl ai [S7]. After irt~l>lctl~crltatiorl
. . . ...-.4 ~+’~~~  .<*? J*k.:@
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at all 1 XS.S’S,  the nc.w calibration Jllcthoct)kl to aII in]tldii{tc

ill)~)I-()\’clllcllt in agI-CCnKm[ bctwcc.n  range values nvxisurcd

IIIIoup, }Iout tlm IKN. In 1977,  tlm Ranging ACCLII-Wy ‘1’eam leader

al]llou]lccd  that duritlg  several days of ranging to tllc N4c1c111-y  -

Venus- Mriis (MVh4) 73 space.craft as it cncountcrccl  Mars, an

figJ ccnlc.nt of 3-5 m had been observed cm the r-angc to the

slmccc.raft as determined from alt stations in the DSN. What one

cmlsidcrs  that tl]c 1 {arl}l-to-s}]:icccr:lft  xmgc is in the millions of

kilomc.tm, this rcsu]l is rcmarktiblc.  It slmld be pointc(i oLtt this

achicvclllcnt  was obtaitwd  with s(ations  opclating,  with both 26- J11-

and (iQ-lmdiatllcte.r  Casscgrain  antennas that had consiclcl-ab]y

diffcrctlt  atltcmna  path lcllgths.  Account was take.11  of differences ‘i

in clclays dLlc to the atnwsphtm,  icmmphcrc.,  charged particles in

tl]c inteq)laiwtary nledia,  and station locations.

‘1’hc following reprinted article prc.scmts  the theory and

expel illlclltal vel-ificatims c)f tllc. rclatio!lship  of IIiulti]mttl  signal

Stlcllp,tll  :Ilid diffCIC1l(ial  path ]ctlgttlS  tO g,loll])  [ic]:iy  IllCXIS[llc.  IIK’tlt

errors. It shows that c.vcn whcm the multipath  signal is. 20 d}]

relative to tlic stlcl~gth  of the plitllary  wave. on a ~’asscglaitl

antenna, the crmrs can bccomc very large. Althcmgh the thcmy

~~rcscntcd  in tllc article was originally iritcnclcd  for J]’],

apl)lications,  it is (hc author’s hope that the material prescntcc] will

tw useful fol c)thcr pLlrlmscs. ‘1’hc cuI vcs pl-csentcd in the article

!lliSllt  bc useful for evaluating potential errors in pcl-for[iling  ti[llc



delay l~~c:~stlle.]l~e[~ts  in a labola~ory  ~cx}rn  test sctul). if tl :ltlslllit-

anti-rcce.ive. horn equipmcmt  is set up irl a la bm atory, mthe.r  than ill

an :tr~e.cllc)iccllali~be.r,  it might bcthc  casc that nlulti~)ath  signals

origjnatc  frolll the main bcaln  or sidclobc c)f a tratlstnit  horn ancl

am multiply rcfle.cted within the rc~omas walls, ceiling, or floor.

When these multiply reflected waves finally combine with the

primary signal that has traveled clirectly  from the [I ansmit  horn to

the Iece.ive  hcxn, errors in time cle.lay  nlcasure.n~e.nts  can cxxur.

‘1’hc I csults  of the rcprinteci  alticlc hfive been confirmed

ex~~eril~~erltally,  not only thrcmgh tests ctescribcd  irl the article, but

also by many subsequent cxpcrimcnts  desa-ibc.cl  iI) the.

supple lncntary  refcmmces.

Supplenmtat-y  References:

“l’he follcwing  20 additional references ccmcem  antenna and

ground-station time-delay rneasure.ment  work clone at JPI-, after the,

elate of publication of the reprinted article. “I”hese nrticlcs,  listed in

chronological order, provide adcliticmal  experimental data

supportirlg  the theory and equations presented in the reprinted

article. Any of the JPI. articles may be obtainecl  from the

I>ocument  Review GroLlp, Jet Propulsion I,aboratory, 4800 (lak

Grove Dr., Pasadena, CA 91109.

S1. T. Y. (loshi,  “A Study of the Effects of Multipath on “l’wo-

Way Range,” l’ht? Deep SpctIce Network Progress Report
42-2.5, pp. 69-83, Jet Propulsic)n  1,aboratory,  Pasac\e.na,

CA, l;ebruary  15, 1975,

S2. “l’. Y. Otoshi, “S-F3ancl  Y,e.ro-IXlay Device Multipath  Tests

on the 64-nleter Antenna at 1]SS 43, 11SS 63, and DSS

14,’’T}M  Deep SpcJcc Network Progress I!cport 42-29, pp.
20-32, Jet Propulsion 1,oboratory,  Pasticlena, CA, C)ctober

15, 197s.



S3. R. W. Nxttty and T. Y. (jtoshi, “I{ ffect of Iliscontinuities

on the. Clroup Delay of a Microwave. “l”ransmission 1.ine,”

IM?,’E  l“rms. on Microwave l’}teory and I’ecluliqutx,  Vol.

M’1”1’-23,  No. 11, pp. 919-923, November 1975.

This article discusses the effects of multiple reflections in

cables or waveguicies  on the measurement of the group

delay of a transmission line.

S4. “l’. Y. Otoshi  (Editor), “A Collection of Ar[icles  on S/X-

I]and }!xpe.riment Ymo Delay Ranging Tests,” Technical

Memorandum 33-747, Vol. 1, Jet Propulsion Laboratory,

Pasadena, CA, November 1975.

S5. T. Y. Otoshi  and D. L. Brunn, “Multipath  Tests on 64-n~

Antenna Using the Viking Orbiter- 1 and -2 Spacecraft as

F~ar-F;ield  Illuminators,” 7’he Deep Space  Nefwork Progress

Report 42-.?1, pp. 41-49, Jet Propulsion 1,aboratory,

Pasadena, CA, ~~ebruary 15, 1976,

‘l’his article describes results of far-field multipath tests at

S-band.

S6. “I’. Y. Otoshi and R. W. Beatty, “I)evelopment  and

Evaluation of a Set of Group Llelay Standards,” IEEE
I“rans.  on Instrumentation and Measurentent,  Vol. lM-25,

No. 4, pp. 335-342, December 1976.

‘I’his article compares several different measurement

methods and presents the errors associated with each

technique.

S7. T. Komarek and 1’, Otoshi, “’i’erminology  of Ranging

Measurements and DSS Calibrations,” ?’}M Deep Space
Network Progress Report 42-36, pp. 35-40, Jet Propulsion

I,aboratory,  I%sadena, CA, I“jccembcr  1S, 1976.



S8. T. Y. Otoshi, P. L>. Batelaan, K. Il. Wallacei and l;. lbanez,

“Calibration of Block  4 l’mnslator  Path Iklays at DSS 14

and (T1’A 2 1,“ 7’}M Deep Space Network Progress I?cport
42-37, pp. 188–197, Jet Propulsion I,aboratory, Pasadena,

CA, February 15, 1977,

S9. T. Y. Otoshi, R, B. Lyon, and M. France, “A Method for

Measuring Group Time Delay 7’hrough  a Fcecl  Hem,” T}ze

Deep Space Network Progress Report 42-44, pp. 82-89, Jet

Propulsion Laboratory, Pasadena, CA, April 15, 1978.

Misprint: 10 in the numerator of the equation shown in

Fig. 5 should be replaced by kc(x).  Results presented were

based on the correct equation.

S 10. T. Y. Otoshi and K, R. Weld, “Updated Z-Corrections for

64-m DSS Ground Station Delay Calibrations,” 7“he Deep
Space Network Progress Report 42-47, pp. 77-84, Jet

Propulsion Laboratory, Pasadena, CA, October 15, 1978,

S1l. A. G. Cha, W, V. T. Rusch, and T. Y. Otoshi, “Microwave

Delay Characteristics of Cassegrainian  Antennas,” /EEE
Trans. on Antennas and Propagation, Vol. AP-26, No. 6,

pp. 860-865, November 1978.

This article deals with fundamentals of time delays of

Cassegrain  antennas.

S 12. T. Y. Otoshi, “Definition of Antenna Microwave I’irne

Delay for VLT31 Clock Synchronization,” The Deep Space
Network Progress Report 42-49, pp. 45–56, Jet Propulsion

I,aboratory,  Pasadena, CA, February 15, 1979.

S 13. T. Y. Otoshi and W. V. T. Rusch, “Muitipath  Effects on the

Time Delays of Microwave Cassegrainian  Antennas,” The
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Deep Space Network Progress Report  42-50, pp. 52-55, Jet
Propulsion Laboratory, Pasadena, CA, April 15, 1979,

S14. 7’. Y. Otoshi  and T. Taylor, “An Experimental Investigation

of the Effects of Antenna Pointing Errors on Range

Delay s,” The Deep Space Network Progress Report 42-50,
pp. 141–147, Jet Propulsion I.aboratory,  Pasadena, CA,

October 15, 1979.

S15. D. W. Green, “Validation of Roundtrip Charged Particle

Calibrations Derived from S- and X-Bancl Doppler via

DRVID Measurement,” The Deep Space Network Progress

Report 42-50, pp. 30--40, Jet Propulsion Laboratory,

Pasadena, CA, February 15, 1980,

This article presents the result of a multipath test conducted

on the 64-m antenna at X-band using the Voyager 1

spacecraft as the far-field illuminator. The test was

conducted by Otoshi.

S 16. T. Y. Otoshi, “Experimental Investigation of the Effects of

Antenna Pointing Errors on Range Delays (Part II),” The

Deep Space Network Progress Report 42-56, pp. 143-146,

Jet Propulsion I.aboratory,  Pasadena, CA, April 15, 1980.

S 17. T. Y. Otoshi and W, V, T, Rusch, “Multipath  Effects on the

Time Delays of Microwave Cassegrainian Antennas,” IEEE
1980 international Symposium Digest—Antennas and
Propagation, Vol. II, 80 CH 1557 -8AP, pp. 457-460, June

1980.

S18. T. Y. Otoshi, “An FM/CW Method for the Measurement of

Time Delays of Large Cassegrain Antennas, ” The

Telecommunications and Data Acquisition Progress Report
42-66, pp. 49–59, Jet Propulsion Laboratory, Pasadena,

CA, December 15, 1981,



This article provides experimental verification of the

existence of multipath sources on a kirge antenna.

S 19. T. Y. Otoshi and L. E. Young, “An Experimental

Investigation of the Changes of VLBI Time Delays Due to

Antenna Structural Deformations,” The

7“elecomrnunications  and Data Acquisition Progress Report
42-68, pp. 8–1 6, Jet Propulsion I.aboratory, Pasadena, CA,

April 15, 1982.
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Collimation-Tower Technique for Time-Delay Studies of a

Large Ground-Station Communications Antenna,” IEEE
Trans. on Antennas and Propagation, Vol. AP-33, No. 5,

pp. 549–556, May 1985.

The following two excellent references are from non-JPL

authors and should be consulted for fundamentals and errors

associated with different delay measurement techniques.

S21.

S22.

D. Ellerbruch,  “Techniques for Measuring Time Delay,”

Lecture Notes for the Phase  Shift Measurements Seminar

by NBS Staff Members, NBS Rep. 9280, Boulder, CO, June

1967.

H. Vi fian, Group Delay, Delay Distortion, and its

Measurement, Ph.D. thesis, Swiss Federal Institute of

Technology, Zurich, Switzerland, November 1972.

(English version available via NASA RECON accession

number N75- 27214.)


